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Devanathan–StachurskiHydrogen mobility plays an important role in the storage and release of hydrogen in hydrogen fuel applica-
tions, but also constitutes the main problem in materials prone to hydrogen embrittlement. Hence, the ability
to perform high-sensitivity, quantitative measurements of mobile hydrogen in metals is of crucial impor-
tance. Here we present a novel approach utilizing the Kelvin probe technique that provides unprecedented
sensitivity by measuring the work function of an ultrathin palladium ﬁlm evaporated on the sample of inter-
est. We show that the measured work function can be interpreted as electrode potential of a hydrogen elec-
trode in the “dry”, depending logarithmically on the amount of hydrogen released from the metal beneath it.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Previously, it has been reported that work function measurements
on steel and palladium by using the Kelvin probe technique can be
utilized to detect hydrogen [1,2] even at a high lateral resolution
down to a few tens of nanometers [2], however no quantiﬁcation
was possible. Further, the work function of iron oxides and the
changes related to the uptake of hydrogen, caused by hydrogen in-
duced reduction of Fe3+ states to Fe2+ states, were found difﬁcult
to reproduce [1]. In view of the extensive work, which has already
been published about the effect of hydrogen on the work function
of palladium under UHV conditions, it seemed unlikely that such
measurements could be used for a quantitative hydrogen detection
[3,4].
However, the situation is different in electrochemistry: deﬁned by
the Nernst equation the electrode potential of a Pd:H electrode de-
pends sensitively on the hydrogen concentration in the palladium
[5–7]. In this paper, we show that a similar behavior is found for the
work function of palladium under non-UHV conditions. Thus, the
work function can be used to determine the concentration of hydro-
gen in metals and its permeation through metals with an unprece-
dented sensitivity, which is much higher than e.g. achievable with
the widely used Devanathan–Stachurski cells [8].+49 2116792218.
).
C BY-NC-ND license. 2. Materials and methods
The Kelvin probe measurements that led to the results presented
in Figs. 1 and 2a) were performed in a custom made combined elec-
trochemistry and Kelvin probe set-up. The KP needle (SS 304) had a
diameter of 400 μm. The measurements for the data shown in
Fig. 2b) were performed with a commercially available set-up
(Wicinski&Wicinski Surface Scanning Systems, Germany). The KP
needle (SS 304) had a diameter of 100 μm. The 100 μm thick iron
membrane (99.5% purity, temper: hard) and the 25 μm thick palladi-
um foil (99.99% purity, temper: as rolled) were both purchased from
Goodfellow. 1000 nm iron and 100 nm palladium ﬁlms were deposit-
ed by PVD in a Leybold Univex 450. The Fe-0.233 wt.%Zr samples
were cut to 1 mm thick slabs from the solidiﬁed melt [9] and then
surface ﬁnished by grinding down to 4000 grit paper.
3. Results and discussion
As can be seen in Fig. 1a) the work function measured on the one
side of a palladium membrane exposed to a dry nitrogen atmosphere
(r.h.b0.1% r.h.), and whose other side forms the working electrode of
an electrochemical cell, behaves in line with the applied electrode po-
tential in a wide range, i.e. it seems that we can “look through” the
palladium membrane and directly measure the applied electrode po-
tential. This is what would be expected in the case of an electrochem-
ical double cell where both sides of a palladium membrane are in
contact with electrolyte. Due to the high solubility of hydrogen in pal-
ladium and the high reactivity of the hydrogen electrode on palladi-
um equilibrium establishes across the whole system. Hence, the
Fig. 1.Measuring electrode potentials through metal: a) work function measured by Kelvin probe on the exit side of a membrane, exposed to a dry nitrogen atmosphere (b0.1% r.h.),
vs. applied potential on the entry side, exposed to an aqueous electrolyte of 0.1 M H2SO4 (see inset on the upper left). The work function is referenced as potential vs. the onset
potential of the binary phase (bp) region of α- and β-Pd-H. The measurements were performed with a 25 μm thick palladium membrane and with a sandwich sample consisting
of a 25 μm palladium membrane, coated by 1 μm of iron and 100 nm palladium, the latter exposed to the dry atmosphere. In one experiment the sandwich sample was already
pre-loaded (pink circles). The insets show schematics illustrating the set-up and the sandwich sample, as well as sketches of the chemical potential for hydrogen throughout
the system at initial and later stages of loading and draining. b) Concentration of hydrogen in a 25 μm thick palladium membrane and a palladium ﬁlm of 100 nm thickness evap-
orated on a glass sample plotted as function of the work function measured in the dry nitrogen atmosphere, referenced as electrode potential vs. the onset of the binary phase.
86 S. Evers, M. Rohwerder / Electrochemistry Communications 24 (2012) 85–88application of a certain electrode potential on one side (entry side)
also leads to the establishment of a corresponding electrochemical
equilibrium on the other side (exit side) of the membrane. This can
indeed be measured in a double cell, but only if the diffusion of hy-
drogen from the palladium into the electrolyte is kept at a low level
by using highly viscous electrolytes [7].
Obviously, the same is happening here. It is known that ultrathin
adsorbed water layers remain on the surface even under dry condi-
tions, as it has been demonstrated e.g. for silica [10]. Hence, theFig. 2. Ultra-sensitive measurement of hydrogen: a) permeation: change in work function m
the entry side to aqueous 0.1 M NaCl solution of pH 8.5 and polarized to−730 mVSHE. After
hence for establishing a gradient in activity across the iron ﬁlm, a constant ﬂow of hydrogen
decade. Using the calibration (Fig. 1b)) gives a corrosion current of about 1 nA/cm2. The inse
the hydrogen ﬂow will remain constant for a while even though the hydrogen activity in the
a Fe-0.23 wt.%Zr sample pre-loaded with hydrogen. Fe–Zr is known to contain a high densit
show the initial behavior after starting the measurements in the dry nitrogen atmosphere a
tem. Initially, the hydrogen has to ﬁll the traps in the grain boundaries of the palladium an
from the palladium, and reestablishing nitrogen atmosphere, a linear behavior is observed r
on about 0.01 mm2!).palladium surface exposed to the dry nitrogen atmosphere is still cov-
ered by a nanoscopic water layer, which seems to enable the estab-
lishment of electrochemical equilibrium. In other words: we have a
hydrogen electrode in the dry! The correlation between the work func-
tion on the dry side and the applied electrode potential at the entry
side is observed for a wide potential range. Only at very high applied
potentials, i.e. above 400 mVSHE, the work function does not correlate
anymore, as most likely the corresponding hydrogen activities are too
low. Also at potentials below 0 mVSHE the correlation between theeasured on the exit side, coated by 100 nm Pd, of a 100 μm iron membrane exposed on
an initial time lag period (here: 800 min), necessary for ﬁlling the traps in the iron and
into the palladium thin ﬁlm is observed, as can be seen from the linear slope of 130 mV/
t schematically shows that due to the low chemical potential of hydrogen in palladium
Pd increases. b) Change in work function measured on a 100 nm Pd ﬁlm evaporated on
y of trap states [9] that are slowly releasing the hydrogen into the palladium. The insets
nd a sketch of the chemical potential and the activity of hydrogen throughout the sys-
d at the interface to the substrate. After re-exposure to air, which drains the hydrogen
ight away, with the slope of 130 mV/decade (release rate about 1.9 nA/cm2, measured
87S. Evers, M. Rohwerder / Electrochemistry Communications 24 (2012) 85–88work function and the applied potential is lost. This is due to the for-
mation of a binary phase of α-Pd-H, i.e. of Pd with dissolved hydro-
gen, and β-Pd-H, i.e. palladium hydride, which are coexisting in a
wide concentration range of hydrogen. This pins the hydrogen activ-
ity to the equilibrium level of these coexisting phases (see Fig. 1).
Note that since it is difﬁcult to perform a deﬁned calibration under
non-UHV conditions in the dry nitrogen atmosphere, the onset of
this binary phase region was chosen as reference point for the work
function, reported here as an electrode potential. Due to the choice
of 0.1 M sulfuric acid as electrolyte, the onset potential of this region
is also about 0 mVSHE at the entry side [11].
As shown in Fig. 1a) (“sandwich” sample) equilibrium is also
found to be established through layers of other materials, such as
iron. However, when the sandwich sample has been loaded with hy-
drogen beforehand, applying a higher potential at the entry side, i.e.
emptying the Pd membrane from hydrogen, does not have an effect
at the exit side, i.e. on the thin Pd ﬁlm, at least not within a reasonable
time. The reason lies in the high density of deep trap sites for hydro-
gen in the evaporated iron ﬁlm. While ﬁlling the traps is quick, deple-
tion of these traps is slow, due to the high activation energies for
escaping a trap site (see inset of Fig. 1a)). Diffusible, i.e. interstitial,
hydrogen exists only at very low concentrations in the iron, steadily
re-supplied from the traps. Hence, only a very shallow gradient in
chemical potential will form from the interface between the palladi-
um membrane and the iron layer. This results in a decoupling of the
ultrathin palladium ﬁlm at the exit side from the palladium mem-
brane at the entry side (see sketch in inset of Fig. 1a)). The hydrogen
will be drained from the traps very slowly only, governed by the bind-
ing energy of hydrogen in the different trap sites. This opens up the
possibility to measure the release rates from trap sites: when a thin
layer of palladium is evaporated on a material containing hydrogen,
the palladium will take up the hydrogen released from the trap sites
due to its lower chemical potential for hydrogen and thus the poten-
tial measured on its surface will change accordingly. If the correlation
between the potential and the concentration of hydrogen in the pal-
ladium layer is known, a direct quantiﬁcation of local hydrogen re-
lease rates from any sample of interest will be possible. In Fig. 1b)
such calibration curves are shown: a palladium membrane and a
100 nm thin palladium ﬁlm, evaporated on a glass slide, were im-
mersed in 0.1 M sulfuric acid and polarized to different potentials.
After a sufﬁcient equilibration time the potential was ramped up to
oxidize the hydrogen. The corresponding anodic charge is a measure
for the equilibrium hydrogen content taken up into the palladium at
the potential applied prior to the jump.
Because of the equilibrium between the hydrogen absorbed into
the palladium and the hydrogen adsorbed on the surface of the palla-
dium we can use the Nernst equation and write:
E ¼ E∘SHE þ R⋅T=F⋅ ln a Hþel
 
=a Hadð Þ
 
¼ E⁎þ R⋅T=F⋅ ln a Hþel
 
=a HPdð Þ
 
;
where a(Had) is the activity of the adsorbed hydrogen, a(HPd) the activity
of absorbed hydrogen in the palladium and a(H+el) the activity of H+ in
theelectrolyte, i.e. the ultrathin layer of adsorbedwater. Hence, a slope of
about 60 mV per decade of hydrogen activity is expected for the poten-
tial. For annealed palladium immersed in highly viscous sulfuric acid
electrolyte this was indeed conﬁrmed by Kirchheim [7]. The high viscos-
ity was found to be necessary in order to sufﬁciently suppress the loss of
hydrogen from the palladium. The results depicted in Fig. 1b) clearly
show a linear dependence of the potential and the hydrogen concentra-
tion in the palladium membrane, but with a slope of about 80 mV/de-
cade. For the 100 nm palladium ﬁlm the error bars are quite high, due
to the extremely low hydrogen amounts involved at high potentials.
However, a linear dependence of 130 mV/decade is suggested in the
full range depicted, as this is supported by additional results. For instance
in Fig. 2a) a permeation experiment is shownwhere at the entry side of a100 μm thick iron membrane hydrogen is taken up at an applied poten-
tial of−730 mVSHE in aerated aqueous 0.1 MNaCl electrolyte. This sim-
ulates the condition of steel cathodically protected by zinc. Due to the
high oxygen reduction rates under these conditions a high surface pH
is expected, which leads to low hydrogen activity. Accordingly, the per-
meation currents are very low. This is why up to now hydrogen uptake
during corrosion was usually investigated for more severe conditions at
acidic pH where the hydrogen activity and hence the permeation rates
aremuch higher [9]. In Fig. 2a)we can see that after an initial time lag pe-
riod the potential decrease at the exit side, coated by 100 nmPd, is linear
with the logarithm of time, at 130 mV per decade. This is interpreted as
being due to a constant permeation current j:
E=E* ′−130mV⋅ lg(c)=E* ′−130mV⋅ lg(j⋅t)=E*″−130mV⋅ lg(t).
The observed slope of 130 mV per decade conﬁrms the suggested
linear ﬁt for the calibration (Fig. 1b)). Based on this, the linear poten-
tial decrease vs. time found here corresponds to a permeation current
of just about 1 nA/cm2!
Similarly, as already indicated above, also hydrogen draining from
trap sites can be measured. An example is shown in Fig. 2b). A
Fe-0.23 wt.%Zr sample was loaded with hydrogen, then a 100 nm
thin palladium ﬁlm was evaporated on one side and the sample was
transferred into the SKP chamber. As can be seen, also here the
same dependence of 130 mV/decade can be found. However, in this
case the slope cannot be measured right from the beginning, as the
palladium layer was freshly evaporated, i.e. at ﬁrst trap sites in the
palladium ﬁlm itself and at the interface between the substrate and
the palladium have to be saturated (see inset of Fig. 2b), which
shows the ﬁrst measurement). In the case shown in Fig. 2a), the pal-
ladium was already pre-charged by hydrogen released from the iron
sample during storage prior to the corrosion experiment.
4. Summary and conclusions
In summary, we have found that the work function on the surface
of the palladium charged with hydrogen behaves like a hydrogen
electrode, depending logarithmically on the hydrogen concentration.
The deviation from 60 mV per decade is due to the simple fact that
the Nernst equation applies for activities and not concentrations.
Kirchheim et al. showed that the chemical potential deviates signiﬁ-
cantly from the Nernst behavior for nano-crystalline and also for de-
formed palladium [12,13]. Approximately linear regions with slopes
of about 100 mV per decade and more can be found in their data
[12,13]. This is due to the fact that a considerable part of the hydrogen
is trapped at grain boundaries. Therefore, we suggest that the much
higher slope for the ultrathin palladium ﬁlm is due to trap sites at
grain boundaries within the nano-grained ultrathin ﬁlms and at the
interface between the substrate and the palladium ﬁlm.
In conclusion, we believe that this novel method will have a great
impact in a wide range of applications, especially because also a high
spatial resolution can be reached [2]. The achievable sensitivity for
hydrogen permeation is assumed to be higher than pA/cm2 and the
sensitivity for releasable hydrogen in steel should be well below
0.01 atomic ppm.
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